The use of Raman spectroscopy for discriminating monetary emissions, a recurrent problem in much archaeological studies, is described. The method involves the record of Raman signatures of tenorite and crystalline and defective cuprite in the patina based on the idea that subtle, mint-characteristic variations in the composition and metallography of the base metal during the manufacturing process are reflected in the variation in depth of the composition and crystallinity of the corrosion patina. The technique was applied to a series of ten cash copper coins produced around the transition between the Kuang Hsü and Hsüan T'ung last Chinese emperors and the first Republic whose averaged composition was 95±1 % wt Cu plus 5±1 % wt Zn often accompanied by traces of Sn and Pb. Raman data, corroborated by focusing ion beam-field emission scanning electron microscopy (FIB-FESEM-EDX) and voltammetry of immobilized particles (VIMP) measurements, suggested the possibility of discerning between different provincial and regular unified currency productions.
Introduction
The determination of the materials and techniques of production as well as the provenance of archaeological objects is of crucial importance in Archaeometry, conservation and restoration of cultural heritage. In the case of metal objects, metallographic analysis, trace elements content and isotope analysis, among other techniques, are well-established techniques for these analytical targets. [1] Such techniques, which provide fundamental analytical information, also possess limitations,
as discussed for isotope analysis [2, 3] and x-ray fluorescence. [4] and require in general more or less invasive sampling within the metal core. This is a significant problem in most cases in which the maintenance of the integrity of the object is an essential requirement. [5, 6] Accordingly, there is a growing interest in analytical techniques yielding archaeometric information from analytical data taken exclusively from the metal patina. [7] [8] [9] [10] [11] Due to its sensitivity and non-invasive character, Raman spectroscopy is being increasingly used in the study of artistic and archaeological objects. [12] In particular, Raman spectroscopy has been used for identifying corrosion products in copper/bronze and other metals, [13] [14] [15] [16] [17] [18] [19] and characterizing artistic patinas produced in copper-base alloys.
[20 -25] In this report, we describe the use of Raman spectroscopy for discriminating different monetary emissions. The essential idea was that this analytical target, which can be attained through metallographic, isotope, trace analysis, … techniques involving the processing of the metal nucleus, can complementarily be accessed from non-invasive analysis of the metal patina. For this purpose, it was hypothesized that, when series of objects experiencing a common corrosion conditions was studied, even subtle differences in the composition and/or metallographic structure of the base metal will be reflected in the composition of the corrosion layers and the distribution of the corrosion products through the patina which can be detected by means of Raman spectroscopy.
This idea, which is in agreement with previous studies on bronze coins using solid-state electrochemical techniques, [26, 27] is consistent with the reported sensitivity of the Raman F o r P e e r R e v i e w 3 spectra of copper oxides, cuprite in particular, to the crystallinity and grain size, [20, [29] [30] [31] [32] in particular, in thin solid films. [33] [34] [35] It has to be noted, however, that the 'corrosion history' experienced by the objects under study may have been considerably different so that the above hypothesis can only be reasonably applied to selected sets of samples.
In a previous report, [27] we applied the voltammetry of immobilized particles (VIMP), an electrochemical technique, for discriminating different series of ten-cash Dragon copper coins minted during the reign of the last Qing Dynasty Chinese Emperors Kuang Hsü (1875-1908) and Hsüan T'ung. This monetary production occurred through drastic political and social changes in China, arising from one of the most chaotic monetary systems in the world. [33] Before 1889, when the Viceroy Ch'ang Ch'ih-tung in Kwangtung Province initiated the production of western type coins, provincial viceroys minted their own local coinage. Although between 1901 and 1906, the emperor Kuang
Hsü promoted a unified coinage system, [36] our electrochemical data suggested that the monetary production continued exhibiting certain heterogeneity and permitted to distribute the coins into four electrochemical types associated to different centers of production. [27] In order to test the above electrochemical screening and study the possibility of the maintenance of a heterogeneous minting during the republican period, Raman spectroscopy was applied to the above and a second series of coins mainly corresponding to the first currency produced by the Republic of China since 1911. The study presented here was conducted from a set of 59 ten-cash copper coins that includes coins of the Regular Provincial series minted in different provinces as well as of the unified Hu Poo and Tai Ching Ti Kuo unified series, all of the imperial period, and
Republican currency from different mints whose characteristics are summarized in Table   1 (see also Supplementary information, Table S1 ). A first sub-series of 38 coins of imperial series was previously studied by means of VIMP and focusing ion beam-field emission scanning electron microscopy (FIB-FESEM-EDX). [27] Here, the entire set of 59 coins (Empire and Republican series) is studied by Raman spectroscopy adding VIMP and FIB-FESEM-EDX data for the sub-set of Republican series. 
Samples
A total of 59 ten cash Chinese coins from different mints were studied. The legends, denominations and design of the coins are provided in ref. [27] and as a Supplementary information (Table S1 ). Electrochemical experiments were performed using materials and equipment already described [26, 27] (for details, see Supplementary information).
Instrumentation and methods

Raman
Results and Discussion
Organoleptic properties and composition
The studied coins presented a uniform light brownish patina, rarely showing any minor Table S2 . In regard to the uniformity and representativity of the sample, it is pertinent to note that the coins provided originally from a private collection where they were conserved since ca. 1925. Given the relatively low time of circulation of the coins and their uniform conditions of storage, the studied set of coins appeared as reasonably uniform in regard to the conditions required for mint discrimination described in the Introduction section. On the other hand, all coins were of types widely circulated in the studied historical period (no unusual currency [36] was tested) so that they can in principle be considered as reasonably representative of the currency production by the different mints. Figure 1 compares the Raman spectra of cuprite and tenorite with that of coin Peiyang #01. The spectrum of cuprite shows two main bands at 114 and 220 cm , which are in agreement with literature data. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Weak, broad bands also appear at 420, 525 and 625 cm −1
Raman spectra
. [29] [30] [31] [32] [33] [34] [35] 37, 38] These last bands can be assigned to Cu 2 O amorphous or finely divided, [31] and characterize defective cuprite forming native passive layer on copper/bronze objects. [21, 30, 31] The spectrum of tenorite , also in agreement with literature. [33, 34, 39] In a first series of experiments, the spectra of Chinese ten-cash coins were recorded on at least 6 different regions on each coin in order to obtain information on the composition of the external surface of the coin. Although obscured by background fluorescence, such spectra presented well-defined cuprite bands at 90 and 215 cm , characterizing the cuprite passive layer formed onto copper surfaces, [21, 30, 31] is clearly enhanced in the spectra of the studied coins. The spectra recorded in different spot of the same coin presented in general high concordance, with deviations in the Raman shift of peaks of ±1 cm −1 and in the intensity ratio between the different bands below ±5 %.
In order to test possible systematic differences between the studied coins, the areas of cuprite bands at 90 and 215 cm −1 were determined. Peak intensity measurements were also carried out using the base line depicted in Figure 2 in which three spectra recorded on different spots of coin Anhui RG#01 are shown. As can be seen in this figure, the Raman spectra, although maintaining a common general profile, exhibit differences in the absolute values of the areas. This feature can be attributed to the differences in optical path resulting from local differences in the composition, roughness, etc. of the coin surface. Our data indicated, however, that the peak area ratio between bands at 90 and 215 cm in the patina of the coins. Accordingly, depending on the local optical path, the Raman spectrum will be representative of more or less deep corrosion layers so that the A 90 /A 215 should vary with A 90 and A 215 according to a law depending on the depth variation of composition, a situation parallel to that discussed for the variation of the tenorite/cuprite ratio determined from voltammetric data. [27] Data corresponding to late imperial currency are depicted in Figure 3 where the ratio of the peak areas for bands at 90 and 215 cm previously performed using VIMP data previously reported. [27] Similar results were obtained using peak intensities.
Electron microscopy analysis
To explore the reasons for the observed differences in the Raman spectra of coins from different series, FIB-FESEM-EDX experiments using a Ga ions microbeam were performed. This micro-invasive technique permits to perform trenches of 10 x 10 µm by means of a ionic microbeam no detectable at the macroscopic level. Figure 4 shows the secondary electron images of trench ca. 10 µm length and ca. This second aspect appears to be crucial as denoted by EDX analysis coupled to FIB-FESEM imaging. The composition of the metal core was exclusively of Cu and Zn being averaged to 95±1 % wt Cu plus 5±1 % wt Zn, in agreement with literature. [36] Representative compositions are presented as Supplementary information (Table S2) .
No aggregates of Pb nor Sn were detected. Pertinent data are presented as Supplementary material ( Figure S3 ). The percentage of copper varied differently with depth z for the different series of coins. For coins from the regular provincial series, In contrast with the uniformity of the composition of the metallic nucleus, the external regions of the coins showed significant differences which can in principle be attributed to the different environmental attack suffered by individual coins, but also to differences in corrosivity of the metal derived from their different metallographic structure iin turn resulting from possible differences in the raw material, dosification and, mainly, the thermomechanical process used in the fabrication of the coins. Figure 5 depicts a series of spectra recorded on coin Hunan RG #01 at different depths.
In depth analysis of Raman data
One can see that the relative intensity of bands characterizing crystalline cuprite (C), defective cuprite (C d ) and tenorite (T) varies with depth. These variations are provided as a Supplementary information ( Figure S4 ). In agreement with previous considerations, the ratio between the signal for defective cuprite, associated to the primary corrosion patina, and crystalline cuprite, A 625 /A 215 (and I 625 /I 215 ), decreases in the external region whereas the tenorite/cuprite ratio, given by the A 295 /A 215 (and I 295 /I 215 ) ratio, increases from the primary patina to the external region, further decreasing in the more external layers. This last feature can be attributed to failure in focalization or to the existence of a compromise between the rates of oxygen permeation and cuprite to tenorite oxidation in the corrosion layers.
These features can be interpreted on considering that, as described by Robbiola et al., [3] [4] [5] under 'ordinary' atmospheric corrosion, copper-based objects form a primary patina of cuprite subsequently growing and forming a more permeable secondary patina whose composition will be dependent on the type of environmental attack so that copper corrosion patinas should be viewed as stratified systems where composition gradients exist. Accordingly, as will be treated in detail below, that the absolute intensity of the Raman bands increases as the effective excitation increases and that, at the same time, the depth of the Raman-responsive region in the patina of the coins increases. Then, the variations in the relative intensity of the bands will reflect the in depth variation of the composition and crystallinity of the cuprite patina.
Correlation with voltammetric data
The foregoing set of considerations are consistent with voltammetric data obtained for Figure S2 (Supplementary materials). All data points were grouped in a band roughly corresponding to a potential variation of the i p (C 2 )/i p (C 1 ) on i p (C 1 ) which is in agreement with data for provincial and imperial series previously studied, [27] allowing to grouping the coins in four electrochemical types (labeled from I to IV). This grouping can be rationalized taking into account that the conversion of cuprite into tenorite in contact with a O 2 -rich atmosphere is a thermodynamically spontaneous process, [40, 41] so that the tenorite/cuprite ratio should increase from the deep to the more external corrosion layers. [27] Voltammetric data for late imperial and Republican ten-cash series studied here, fall within the band attributable to the electrochemical type III in Figure S2 . Interestingly, Raman spectroscopy data provided a refined grouping of such coins. As shown in Figure 6 , where the variation of the ratio between the areas of peaks at 90 and 215 cm 
Archaeometric implications
In order to extract archaeometric information, it has to be emphasized that the composition and metallographic properties of the base metal are the essential data to be acquired for discriminating different monetary emissions. Given the heterogeneity and variety of conditions of aging experienced by the coins, the methodologies addressed to avoid invasive sampling based on the analysis of the patina, have high inherent limitations and can only be applied under favorable conditions to samples for which common conditions of aging can be assumed.
The obtained Raman grouping can be summarized as:
a) The coins of imperial series were distributed into four groups (labeled from I to IV in Figure 3 ) coincident with those previously proposed on the basis of independent VIMP measurements. [27] The Regular Provincial series were grouped according a well-defined geographical distribution discriminating between coins minted in the central provinces (Hupeh and Anhwei, type II), the northern-central provinces of Honan, Kiangnan and Kiangsi (type III) and southern provinces (Hunan and Kwantung, type IV).
b) The two series of unified currency fabricated in the imperial era were distributed in two groups, the gross of the Tai Ching Ti Kuo series (Tai Ching Ti Kuo #01 to #11) formed a different group (type I).
c) The series containing the legend Hu Poo and Tai Ching Ti Kuo coins from Chinkiang and Honan (Tai Ching Ti Kuo #12 and #13) were assigned to the type III (type III-1). A reasonable hypothesis is that such coins were produced in a provincial mint retaining local practice. Figure S2 ).
It is pertinent to underline that the above Raman grouping was correlated with numismatic data as far as all coins of the same mint were of the same Raman group, and that this grouping was coincident with electrochemical grouping of the same samples using an entirely independent set of experimental data.
The above data indicate that, in spite of the aforementioned limitations, the monetary unification was not made effective until the creation of the Republic of China, confirming prior data based on a different set of coins of imperial time, suggesting that the production of unified currency, ideally initiated with the Hu Poo and Tai Ching Ti Kuo series, was not entirely performed. [27] Raman data indicate that, although displaying a common electrochemical pattern (type III) there were differences in the coin production between the late imperial Regular Provincial series, the unified imperial currency (Tai Ching Ti Kuo series) and the Republican production and that even in this last period some currency (Honan series) was minted following provincial uses.
Conclusions
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